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Abstract
Binary oxides, mainly Ca-Mn, Sr-Mn and Ba-Mn, have been studied as catalysts for the coupling of CH4 to C2 hydrocarbons
(C2H6 and C2H4) using CO2 as oxidant. At temperatures of840◦C, the Ca-Mn catalyst exhibits quite similar performances
to those of other Ca-containing binary oxide catalysts (Ca-Ce, Ca-Cr and Ca-Zn) reported previously; C2 selectivity and yield
at 850◦C increase remarkably with increasing partial pressure of CO2, and apparent activation energies observed over these
catalysts are roughly the same (190–220 kJ mol−1). When the temperature is decreased from 840 to 825◦C, CH4 conversion
and C2 selectivity over the Ca-Mn catalyst abruptly drop; here a discontinuous change also is seen in the Arrhenius plots.
On the other hand, the Sr-Mn and Ba-Mn catalysts show different kinetic features from the Ca-Mn system; C2 selectivity at
850◦C changes only slightly with partial pressure of CO2, and the activation energies are constant over the whole temperature
range examined and notably lower. Characterizations reveal that solid solution of Ca0.48Mn0.52O is the main phase for the
Ca-Mn catalyst after reaction at 850◦C, while, at 800◦C, some Ca2+ ions separate from the solid solution to form CaCO3,
which covers the catalyst surface. Such a difference probably accounts for the discontinuous change in the catalytic behavior
with temperature. With the Sr-Mn and Ba-Mn catalysts, SrCO3 and BaCO3 are formed along with MnO after reaction, and
the carbonates are suggested to react with MnO to form SrMnO2.5 and BaMnO2.5 in the conversion process of CH4 with CO2.
The mechanism for C2 formation involving SrMnO2.5 and BaMnO2.5 as intermediates is discussed. © 2001 Elsevier Science
B.V. All rights reserved.
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1. Introduction
Direct conversion of CH4 to more valuable chem-
icals without involving synthesis gas has long been
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a goal in catalysis studies. Among several processes
proposed so far, the oxidative coupling of CH4 to pro-
duce C2 hydrocarbons has been studied most inten-
sively [1–7]. One of the issues in this reaction is that
O2 as an oxidant unavoidably induces some gas phase
radical reactions, which complicate the optimization
of catalyst and cause the limitation in C2 yield [7,8].
The replacement of O2 by other oxidants, such as CO2
would avoid such problems. The utilization of CO2
in producing chemicals is also an important research
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subject, and a number of papers have recently con-
tributed to CO2 reforming of CH4 to yield synthesis
gas [9–11]. The development of a conversion process
of CH4 with CO2 may also be necessary for utilizing
low-valued natural gas containing a high concentra-
tion of CO2. The direct conversion of CH4 and CO2 to
valuable chemicals, such as C2 hydrocarbons would
provide a novel route for the simultaneous activation
and utilization of these two molecules.
Equilibrium yields of C2H6 and C2H4 formed by
the reaction of CH4 and CO2 are calculated to exceed
15 and 25% at 800◦C for a feed with CO2/CH4 ratio
of 2, respectively. Although some catalysts effective
for CH4 coupling by O2, such as PbO/MgO [12,13],
La2O3-ZnO [14] and Na2WO4-Mn/SiO2 [15], were
applied to this reaction, the performances were not
satisfactory. Moreover, the knowledge about catalyt-
ically active sites is quite limited and the mechanism
for C2 formation is not clear.
The present authors have shown that a good catalyst
should have at least two functions, i.e. redox ability
capable of activating CO2 to produce active oxygen
species for the conversion of CH4 and basicity lead-
ing to selective formation of C2 hydrocarbons, on the
basis of previous investigations by our group using a
large variety of single oxides [16–18]. By combining
a typical basic oxide, CaO, with many reducible ox-
ides, we have demonstrated that Ca-containing binary
catalysts, such as CaO-CeO2 [19,20], CaO-CrOx [21]
and CaO-ZnO [22], can promote conversion of CH4
to C2 hydrocarbons with relatively high C2 yield. It
has also been shown that all these catalysts exhibit
similar performances and kinetic behaviors, and lat-
tice oxygen atoms of these catalysts convert CH4
mainly to H2 and CO, while oxygen species derived
from CO2 account for C2 formation [19–22].
Very recently, the present authors have systemati-
cally investigated a series of Sr- and Ba-containing
binary oxides and shown that binary oxides of Sr-Mn
and Ba-Mn provide better catalytic performances for
C2 formation than the Ca-containing catalysts men-
tioned above and exhibit different kinetic features
from those catalysts. It is, thus, of interest to un-
derstand the chemistry occurring on these Mn-based
catalysts. In this paper, their performances and ki-
netics are examined in detail, and active sites and
reaction mechanisms for C2 formation are clarified
on the basis of catalyst characterization.
2. Experimental
2.1. Catalyst preparation
All binary catalysts used in this study were prepared
by the conventional impregnation method. Powdery
MnO2 was first immersed into an aqueous solution of
M(NO3)2 (M = Ca, Sr or Ba) with a concentration
of 1.0 M M2+ ions for 12 h at ambient temperature.
The water was then evaporated at 80–90◦C during
stirring. The resultant was finally calcined at 850◦C
in air flow (200 ml min−1) for 4 h. The atomic ratio
of M/Mn was 1.0, unless otherwise stated. For com-
parison, CeO2, Cr2O3, or ZnO was used in place
of MnO2.
2.2. Catalytic reaction
Every run was performed using a conventional
fixed bed quartz reactor. Before each reaction, each
catalyst charged into the reactor was calcined again at
850◦C in air (100 ml min−1), which was then replaced
with high purity He (>99.9999%, 100 ml min−1).
The reaction started with introduction of feed gas
of CH4 (>99.999%) and CO2 (>99.995%) to the re-
actor. The following conditions were usually used:
T (temperature) = 850◦C, P(CH4) (partial pressure
of CH4) = 30.3 kPa, P(CO2) (partial pressure of
CO2) = 70.7 kPa, W (catalyst amount) = 1 g, F (total
flow rate) = 100 ml min−1. Products and unreacted
reactants with H2O removed, were analyzed by an
on-line high-speed gas chromatograph. The details
of the data processing process have been reported in
the previous paper [20]. The reproducibility of CH4
conversion and C2 selectivity was within ±0.1 and
±1%, respectively.
2.3. Catalyst characterization
The catalysts before and after reaction were charac-
terized by X-ray diffraction (XRD) and X-ray photo-
electron spectroscopy (XPS). The XRD profiles were
detected with an X-ray diffractometer (XRD 6000,
Shimadzu) using Ni-filtered Cu K radiation. Peak
positions were calibrated using Si powder. The XPS
measurements were carried out with an ESCA-750
(Shimadzu) spectrometer using Mg K radiation. The
background pressure in the detector chamber was
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less than 3 × 10−6 Pa. The catalyst was fixed onto
the sample holder with silver paste and the binding
energy was corrected with XPS signals of both Ag
3d and C 1s. For catalyst characterization, the sample
after reaction was quenched to room temperature in
He flow and instantly transferred to the XRD or XPS
detection chamber.
2.4. Transient desorption profiles
To obtain information about the working state of
catalyst, the transient desorption profiles for CO and
CO2 were measured by switching feed gas to He at
850◦C. A very small amount of Ar was mixed with the
reactant to determine the delay between the switching
valve and the detection with a high-speed gas chro-
matograph, and the disappearance of Ar was regarded
as the start of desorption.
3. Results
3.1. Binary catalysts containing alkaline
earth metal oxides
The performances of various binary oxide catalysts
are shown in Table 1, where the data at steady state
Table 1




Selectivity (%) C2 yield
(%)C2 CO
Ca-Ce (0.5) 3.7 75 25 2.7
Ca-Cr (1) 4.1 69 31 2.8
Ca-Mn (1) 3.9 68 32 2.7
Ca-Zn (0.5) 3.4 82 18 2.8
Sr-Ce (0.5) 1.5 64 36 1.0
Sr-Cr (1) 2.4 37 63 1.3
Sr-Mn (1) 3.9 85 15 3.3
Sr-Zn (0.5) 2.8 79 21 2.2
Ba-Ce (0.5) 0.4 55 45 0.2
Ba-Cr (1) 0.8 42 58 0.3
Ba-Mn (0.5) 3.8 67 33 2.6
Ba-Mn (1) 2.3 85 15 1.9
Ba-Zn (0.5) 0.6 74 26 0.4
a Conditions: T = 850◦C, P(CH4) = 30 kPa, P(CO2) =
70 kPa, W = 1 g, F = 100 ml min−1.
b Atomic ratios denoted as figures in parentheses.
are provided, and the results reported previously for
the Ca-containing catalysts [19–22], except Ca-Mn are
included. C2 yields obtained over these Ca-containing
catalysts were almost the same. On the other hand,
Sr- and Ba-containing binary oxides showed very dif-
ferent catalytic performances, depending on the kind
of a redox component in the catalyst. Most of these
catalysts gave lower CH4 conversion and smaller C2
selectivity than the Ca-containing catalysts. Particu-
larly, CH4 conversion was notably low over most of
the Ba-containing catalysts. However, Mn-based cat-
alysts were exceptional. The Sr-Mn exhibited higher
C2 selectivity at almost the same CH4 conversion lev-
els as those with the Ca-Mn and other Ca-containing
catalysts. For the Ba-Mn catalyst with Ba/Mn ratio of
1, CH4 conversion became lower, but the extent of the
decrease was not so drastic as compared with other
Ba-containing catalysts. The sample with Ba/Mn ra-
tio of 0.5 provided CH4 conversion and C2 selectivity
comparable to those of the Ca-Mn catalyst. In brief,
these Mn-based catalysts showed unique performances
for C2 formation from CH4 and CO2. This work, thus,
focuses on these catalysts.
3.2. Time-on-stream
Changes in catalytic performances with time-on-
stream are shown in Fig. 1, where Ca-Mn, Sr-Mn and
Ba-Mn oxides (2 g) are used. At the initial stage of
reaction, that is, within 5–10 min after introduction
of feed gas, the concentration of CO2 in the effluent
increased in all cases. These observations strongly
suggest the formation of CO2 from CH4 oxidation by
lattice oxygen atoms in the catalysts. A considerable
amount of H2O and some C2 hydrocarbons were also
formed simultaneously. After this induction period,
the consumption of CO2 and the formation of CO and
C2 hydrocarbons proceeded over all the catalysts, in-
dicating the conversion of CH4 by CO2. As shown in
Fig. 1A, the reaction over the Ca-Mn catalyst reached
a steady state after 2 h, and CH4 conversion and C2
selectivity were almost unchanged for the following
10 h. On the other hand, Sr-Mn and Ba-Mn catalysts
needed much longer times for attaining their steady
states, roughly 8 and 20 h, respectively (Fig. 1B and
C). C2 selectivity and yield over each catalyst in-
creased gradually with time-on-stream and finally
became constant.
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Fig. 1. Changes of catalytic performances with time-on-stream
over binary oxides of (A) Ca-Mn; (B) Sr-Mn; and (C) Ba-Mn.
Symbols: () CH4 conversion, () C2 selectivity, () C2 yield.
Conditions: T = 850◦C, P(CH4) = 30 kPa, P(CO2) = 70 kPa,
W = 2 g, F = 100 ml min−1.
In the conversion of CH4 alone without CO2, H2
and CO were mainly produced over all three catalysts
after formation of CO2 and C2 hydrocarbons for the
initial 5–10 min. The formation of H2 and CO stopped
after the following 20–40 min due to the consumption
of the reactive lattice oxygen in the catalysts. Almost
the same reaction profile has been observed over
Fig. 2. Dependence of reaction performances on partial pressure
of CO2 over Mn-based binary oxides. Symbols: () Ca-Mn, ()
Sr-Mn, () Ba-Mn. Conditions: T = 850◦C, P(CH4) = 30 kPa,
W = 2 g, F = 100 ml min−1.
other Ca-containing catalysts, such as CaO-CeO2
[19], CaO-CrOx [21] and CaO-ZnO oxides [22].
3.3. Kinetic behaviors
3.3.1. Effect of partial pressure of CO2
Fig. 2 shows the dependence of reaction perfor-
mances at the steady state on P(CO2) over Mn-based
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catalysts at 850◦C. CH4 conversion had a slight
dependency on P(CO2) over all catalysts (Fig. 2A).
C2 selectivity over the Ca-Mn catalyst increased from
15 to 62% as P(CO2) increased from 10 to 70 kPa
(Fig. 2B). Such a remarkable increase was also ob-
served over other Ca-containing catalysts [20–22].
As is seen in Fig. 2B, C2 selectivity over Sr-Mn and
Ba-Mn catalysts was higher than that over the Ca-Mn
catalyst in the whole range of P(CO2) and increased
slightly with increasing P(CO2).
Fig. 2C shows that the ratio of C2H4/C2H6 obtained
is almost independent of P(CO2) with Sr-Mn and
Ba-Mn catalysts, whereas it slightly decreases over
the Ca-Mn catalyst. These results indicate that CO2
does not take part in the dehydrogenation of C2H6 to
C2H4.
3.3.2. Effect of reaction temperature
The effects of reaction temperature on the perfor-
mances of Mn-based catalysts are shown in Fig. 3.
CH4 conversion increased smoothly with increasing
temperature over the Sr-Mn and Ba-Mn catalysts. Over
the Ca-Mn catalyst, on the other hand, CH4 conver-
sion was unexpectedly low at 825◦C and increased
abruptly from 0.5 to 4.6% as the temperature was in-
creased from 825 to 840◦C. Such a difference between
the Ca-Mn and the other two catalysts was also
reflected in C2 selectivity. As shown in Fig. 3B, C2 se-
lectivity over the Sr-Mn and Ba-Mn catalysts remained
at high level at 800◦C and decreased slightly above
800◦C. In contrast, the selectivity over the Ca-Mn
catalyst rather increased between 800 and 840◦C, cor-
responding to the abrupt increase in CH4 conversion,
whereas it decreased upon further increase in temper-
ature. The highest C2 yield of 6.3% with C2 selectivity
of 64% was obtained over the Sr-Mn catalyst at 900◦C.
Fig. 3C shows the effect of temperature on the ratio of
C2H4/C2H6. It increased exponentially with increas-
ing temperature except for the sudden change between
825 and 840◦C observed over the Ca-Mn catalyst. The
ratio was much lower over this catalyst at <825◦C.
The Arrhenius plots for rates of CH4 conversion
at 750–900◦C are shown in Fig. 4, where the rates
are expressed on the basis of unit weight of cata-
lyst. All the data points obtained with the Sr-Mn or
Ba-Mn catalyst can be fitted with a single straight
line, but two discontinuous lines are needed with the
Ca-Mn catalyst. The activation energies calculated
Fig. 3. Dependence of reaction performances on temperature
over Mn-based binary oxides. Symbols: () Ca-Mn, () Sr-Mn,
() Ba-Mn. Conditions: P(CH4) = 30 kPa, P(CO2) = 70 kPa,
W = 2 g, F = 100 ml min−1.
from Fig. 4 are summarized in Table 2. For com-
parison, the values for other Ca-containing catalysts
are also shown in the table. As can be expected,
the Ca-Mn catalyst provided two different activation
energies: 192 kJ mol−1 in a high temperature region
(840–900◦C) and 303 kJ mol−1 in a low temperature
region (750–825◦C). The former value was similar to
those estimated for Ca-containing catalysts of Ca-Ce,
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Fig. 4. Arrhenius plots for rates of CH4 conversion over Mn-based
binary oxides. Symbols: () Ca-Mn, () Sr-Mn, () Ba-Mn.
Ca-Cr, and Ca-Zn systems, while the latter one was
much higher. It should be noted that such kinetic be-
havior is peculiar to the Ca-Mn catalyst. The abrupt
changes in both catalytic performances and activation
energy observed between 825 and 840◦C indicate that
the catalyst itself probably changes during reaction.
The activation energies calculated for the Sr-Mn and
Ba-Mn catalysts were 140 and 130 kJ mol−1, respec-
tively. These values were remarkably lower than those
for the four Ca-containing catalysts.
3.4. Transient desorption profiles
To make clear the working states of the three
Mn-based catalysts, the transient kinetic method was
Table 2
Apparent activation energies over various binary catalystsa
Catalyst Activation energy (kJ mol−1)






a Conditions: T = 750–900◦C, P(CH4) = 30 kPa, P(CO2) =
70 kPa.
Fig. 5. Rates of CO and CO2 desorbed upon switching feed gas
to He at 850◦C: (A) Ca-Mn; (B) Sr-Mn; (C) Ba-Mn. Symbols:
() CO2, () CO.
used by switching feed gas including a slight amount
of Ar to He. The results are shown in Fig. 5, where
the time of zero means the disappearance of Ar. With
all the catalysts, CH4, C2H6 and C2H4 disappeared
almost simultaneously with Ar, indicating no strong
chemisorption of these molecules on any catalyst
surface.
Fig. 5 shows the desorption of CO2 from all the
catalysts and the strong dependence of the profile on
the kind of catalyst. The desorption from the Ca-Mn
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Table 3
Amounts of CO2 and CO desorbed
Catalyst Amount (mmol)
CO2 CO
Ca-Mn (3.50)a 0.30 0
Sr-Mn (2.60)a 1.61 0.35
Ba-Mn (1.55)a 0.88 0.66
a Amount (mmol) of alkaline earth metal in catalyst.
catalyst decreased very sharply with time and almost
finished in 5 min. On the other hand, it took 2.5 and
18 h for the completion of CO2 desorption with Sr-Mn
and Ba-Mn catalysts, respectively. Thus, the CO2 des-
orbed from these two catalysts may stem not from the
adsorbed CO2 but from Sr and Ba carbonates. Fur-
thermore, besides CO2, the desorption of CO was also
observed over these systems (Fig. 5B and C). Since
the rate of CO desorption rather increased at the initial
stage, the CO detected should not arise from the CO
chemisorbed during the reaction of CH4 and CO2.
The quantities of CO2 and CO desorbed are shown
in Table 3. The amount of CO2 from the Ca-Mn cata-
lyst was only 1/12 of that of Ca2+ in it. On the other
hand, the sum of CO2 and CO from the Sr-Mn or
Ba-Mn system corresponded to 75 or 100% of the
amount of Sr2+ or Ba2+, respectively. These results
suggest that the Sr or Ba species in these catalysts
during the reaction exist mainly as the correspond-
ing carbonate, which is decomposed and secondarily
converted to CO2 and CO in the subsequent transient
kinetic process, respectively.
3.5. Catalyst characterization before
and after reaction
3.5.1. Ca-Mn catalyst
Fig. 6 shows the XRD patterns of the Ca-Mn cata-
lyst before and after reaction. This catalyst exhibited
different performances in a high or low temperature
regions, i.e. at 840–900◦ or 750–825◦C, as shown in
Fig. 3, the XRD measurements were carried out af-
ter reactions at both 850 and 800◦C. Before reaction
(Fig. 6a), the three main diffraction lines could be
assigned to CaMnO3 with perovskite structure. After
reaction at 850◦C for 10 h (Fig. 6b), the three peaks
observed were identified as Ca1−xMnxO, a solid
solution of CaO and MnO. Since the linear relation-
Fig. 6. XRD patterns for the Ca-Mn catalyst: (a) before reaction;
(b) after reaction at 850◦C; (c) after reaction at 800◦C. Symbols:
() CaMnO3, () Ca1−xMnxO, () CaCO3.
ship between d- (interplanar spacing) and the x-value
(0  x  1) in the solid solution has been reported
[23], the x-value can be calculated. The composition
was estimated as Ca0.48Mn0.52O by using the peak
of (2 0 0) at 2θ of 39.46◦, the Ca/Mn ratio being
approximately the same as that before reaction. The
same XRD pattern as Fig. 6b was observed even af-
ter 2 h reaction, i.e. immediately after a steady state
(Fig. 1A). These results point out that the transfor-
mation from CaMnO3 to Ca0.48Mn0.52O occurs in
the initial stage of reaction and the latter is the main
phase at a steady state at 850◦C. As is seen in Fig. 6c,
after reaction at 800◦C, the peaks of Ca1−xMnxO
shifted to higher XRD angles, the composition being
estimated as Ca0.32Mn0.68O. In addition, very strong
signals of CaCO3 appeared. It is clear that some Ca2+
separates from the solid solution to form CaCO3
during the reaction at 800◦C.
Fig. 7 shows the Mn 2p3/2 XPS results for the
Ca-Mn catalyst. The binding energy of Mn 2p3/2
shifted from 641.6 eV before reaction to 640.3 or
640.2 eV after reaction at 850 or 800◦C, respectively.
These observations were in agreement with the XRD
results described above, supporting the reduction of
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Fig. 7. Mn 2p3/2 XPS spectra for the Ca-Mn catalyst: (a) before
reaction; (b) after reaction at 850◦C; (c) after reaction at 800◦C.
Mn species from Mn4+ to Mn2+ during the reaction
in each case. The Ca/Mn ratio determined by XPS is
provided in Table 4. The value increased drastically
from the initial 2.4 to 12.0 after reaction at 800◦C,
while it only increased to 3.4 after reaction at 850◦C.
Thus, the CaCO3 separated from Ca0.32Mn0.68O dur-
ing reaction at 800◦C predominantly existed at the
surface layer and covered the Ca0.32Mn0.68O phase.
3.5.2. Sr-Mn and Ba-Mn catalysts
The XRD results for the Sr-Mn and Ba-Mn cat-
alysts are shown in Figs. 8 and 9, respectively. For
the fresh samples, the XRD peaks were assigned to
SrMnO3 and BaMnO3, respectively. After steady-state
reactions, SrCO3 and BaCO3 along with MnO became
the main phases for the two catalysts, and SrMnO2.5
also appeared with the Sr-Mn catalyst (Figs. 8b and
9b).
Table 4
Atomic ratios for Mn-based catalysts determined by XPS
Ca/Mn Sr/Mn Ba/Mn
Before reaction 2.4 2.0 1.5




a After reaction at 800◦C.
b Not analyzed.
Fig. 8. XRD patterns for the Sr-Mn catalyst: (a) before reaction;
(b) after reaction at 850◦C; (c) after He treatment of (b) at 850◦C.
Symbols: () SrMnO3, () SrMnO2.5, () SrCO3, () MnO,
() Sr(OH)2.
Fig. 9. XRD patterns for the Ba-Mn catalyst: (a) before reaction;
(b) after reaction at 850◦C; (c) after He treatment of (b) at 850◦C.
Symbols: () BaMnO3, () BaMnO2.5, () BaCO3, () MnO.
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After further treatment of these used catalysts in
He at 850◦C as described in Fig. 5, the diffraction
lines of SrCO3 and BaCO3 completely disappeared
(Figs. 8c and 9c). Instead, SrMnO2.5 and BaMnO2.5
became the dominant species in both cases. These
results indicate that SrCO3 or BaCO3 reacts with
MnO to form SrMnO2.5 or BaMnO2.5, respectively,
as will be discussed later. Although Sr(OH)2 was also
observed with the Sr-Mn, this species may be formed
by the reaction of SrO with moisture upon recovery
for the XRD measurements.
The Mn 2p3/2 XPS spectra for these samples
are shown in Figs. 10 and 11. The binding energy
shifted from the initial 641.7 or 641.6 eV to 640.1
or 639.5 eV after reaction for the Sr-Mn or Ba-Mn
catalyst, respectively. The ratio of Sr/Mn or Ba/Mn
determined by XPS increased from 2.0 or 1.5 to 9.0
or 6.6, correspondingly (Table 4). Combined with the
XRD observations (Figs. 8b and 9b), it is suggested
that SrCO3 and BaCO3 are enriched at the surfaces
of these catalysts. The XPS signals after He treatment
of these used catalysts slightly shifted to the higher
binding energies (Figs. 10c and 11c). Such treatment
Fig. 10. Mn 2p3/2 XPS spectra for the Sr-Mn catalyst: (a) before
reaction; (b) after reaction at 850◦C; (c) after He treatment of (b)
at 850◦C.
Fig. 11. Mn 2p3/2 XPS spectra for the Ba-Mn catalyst: (a) before
reaction; (b) after reaction at 850◦C; (c) after He treatment of (b)
at 850◦C.
decreased the ratios of Sr/Mn and Ba/Mn on the
surfaces to some extent.
4. Discussion
4.1. Ca-Mn catalyst
The Ca-Mn binary oxide showed peculiar catalytic
behaviors. In other words, the catalytic performances
changed discontinously at 825◦C (Figs. 3 and 4). In a
high temperature region (>840◦C), the apparent acti-
vation energy observed was quite similar to those over
other Ca-containing catalysts, such as CaO-CeO2,
CaO-CrOx and CaO-ZnO (Table 2). As shown in Fig.
2B, C2 selectivity over the Ca-Mn catalyst increased
remarkably with increasing P(CO2), as reported so
far with other Ca-containing catalysts [20–22]. There-
fore, the reaction mechanism proposed for these
catalysts can be applied to the Ca-Mn catalyst in a
high temperature region. It has been elucidated that
the chemisorbed CO2 accounts for the conversion of
CH4 to C2 hydrocarbons, while lattice oxygen atoms
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are responsible for the conversion of CH4 to CO and
H2. The increase in P(CO2) can, thus, suppress the
reaction involving the lattice oxygen, which leads to
an increase in C2 selectivity.
When reaction temperature was decreased to
825◦C, the Ca-Mn catalyst became less active
(Figs. 3 and 4), and the activation energy was higher
(Table 2). The XRD and XPS measurements re-
vealed the drastic changes in the bulk phase and
surface composition upon temperature decrease, in
other words, the transformation of Ca0.48Mn0.52O to
Ca0.32Mn0.68O and CaCO3 (Fig. 6) and consequent
enrichment of Ca2+ species at the catalyst surface
(Table 4). Such a change in the catalyst state would
result in the sudden decrease in CH4 conversion and
C2 selectivity in a low temperature region of 825◦C.
4.2. Sr-Mn and Ba-Mn catalysts
Unlike the Ca-Mn catalyst, C2 selectivity changed
only slightly with P(CO2) over Sr-Mn and Ba-Mn cat-
alysts (Fig. 2B). Moreover, the activation energies ob-
served over these two catalysts were almost the same
and were lower than that over the Ca-Mn catalyst
(Table 2). These results strongly suggest that the reac-
tion mechanism over the Sr-Mn and Ba-Mn catalysts
is different from that over the Ca-Mn catalyst. With the
former catalysts, SrCO3 and BaCO3 along with MnO
were the predominant species after reaction at a steady
state (Figs. 8b and 9b) and these carbonates were trans-
formed to SrMnO2.5 and BaMnO2.5 by switching the
feed gas to He (Figs. 8c and 9c). The XPS results also
showed that the valance state of manganese decreased
from 4+ mainly to 2+ after reaction and increased
again to 3+ after He treatment (Figs. 10 and 11).
Since CO2 and CO were formed upon transformation
(Fig. 5), the reactions of Eqs. (1) and (2) would occur.
2SrCO3 + 2MnO → 2SrMnO2.5 + CO + CO2 (1)
2BaCO3 + 2MnO → 2BaMnO2.5 + CO + CO2 (2)
The decomposition of SrCO3 or BaCO3 to the
corresponding oxide and CO2 should also take
place simultaneously, because the ratios of CO2/CO
observed were higher than 1.0 in both cases (Table 3).
As is seen in Fig. 8b, weak XRD peaks ascribed to
SrMnO2.5 appeared after reaction. It is, thus, reason-
able to assume that Eqs. (1) and (2) proceed to some
extent during the reaction of CH4 and CO2. The com-
pounds, SrMnO2.5 and BaMnO2.5, with valence state
of Mn3+ may react with CH4 to form CH3 radical ac-
cording to Eqs. (3) and (4). The Mn3+ is reduced to
Mn2+ ions (MnO) and consequently SrO and BaO are
produced. In the presence of CO2, these oxides may
be converted to the corresponding carbonates, which
may subsequently be transformed partly to SrMnO2.5
and BaMnO2.5 (Eqs. (1) and (2)). The CH3 radicals
produced by Eqs. (3) and (4) undergo coupling reac-
tions to yield C2H6. Since the ratio of C2H4/C2H6 was
almost independent of P(CO2) (Fig. 2C) but strongly
dependent on reaction temperature (Fig. 3C), C2H4 is
formed probably by the non-oxidative dehydrogena-
tion of C2H6.
2SrMnO2.5 + CH4
→ 2SrO + 2MnO + CH3• + OH(a) (3)
2BaMnO2.5 + CH4
→ 2BaO + 2MnO + CH3• + OH(a) (4)
The XRD measurements after reaction revealed that
SrCO3 and BaCO3 in addition to MnO were the
main phases, but that weak signals of SrMnO2.5 and
no diffraction lines of BaMnO2.5 were detectable
(Figs. 8b and 9b). Eqs. (3) and (4) may, thus, proceed
faster than Eqs. (1) and (2). Since Eqs. (1) and (2) are
solid–solid reactions, it is likely that they take place
mainly at the boundaries between SrCO3 or BaCO3
and MnO, and the contact between the carbonates and
MnO is, thus, important. This can be supported by
the result that the Sr-Mn or Ba-Mn catalyst prepared
by physically mixing SrCO3 or BaCO3 with MnO
was almost inactive. Such a catalyst may not possess
grain boundaries enough for the reaction of Eq. (1)
or Eq. (2). The long periods needed for obtaining
steady states (Fig. 1A and B) strongly suggest that the
boundaries between the carbonates and MnO increase
gradually with time-on-stream.
5. Conclusions
In the coupling reaction of CH4 with CO2 at
840◦C, the Ca-Mn oxide showed quite similar cat-
alytic performances to those of other Ca-containing
binary oxides reported previously and existed
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dominantly in the bulk form of solid solution of
Ca0.48Mn0.52O. As the temperature decreased to
825◦C, however, abrupt decreases in CH4 conver-
sion and C2 selectivity occurred. The covering of
the surface by CaCO3 separated from the bulk phase
is probably responsible for such a decrease in the
catalytic performances. Over the whole temperature
range, Sr-Mn and Ba-Mn catalysts exhibited higher
C2 selectivity than the Ca-Mn catalyst. The Sr-Mn
catalyst provided the highest C2 yield of 6.3% with a
C2 selectivity of 64% at 900◦C. The kinetic features
for the Sr-Mn and Ba-Mn catalysts are different from
those for the Ca-Mn catalyst. In the former case,
SrCO3 and BaCO3 were the dominant species along
with MnO after reaction and could react with MnO
to form SrMnO2.5 and BaMnO2.5, respectively. These
species with valence state of Mn3+ probably catalyze
the activation of CH4.
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